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Beaklike SnO, Nanorods with Strong Photoluminescent
and Field-Emission Properties
Jr H. He, Te H. Wu, Cheng L. Hsin, Kun M. Li, Lih J. Chen,* Yu L. Chueh,

LiJ. Chou, and Zhong L. Wang

Beaklike SnO, nanorods were synthesized by a vaporliquid—solid

approach using Au as a catalyst. The nanorods grow along the [101]
direction and the beak is formed by switching the growth direction to
[112] through controlling the growth conditions at the end of the
synthesis. The photoluminescence (PL) spectrum of the nanorods
exhibits visible light emission with a peak at 602 nm. The field-emission
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(FE) properties of the nanorods have been measured to exhibit a turn-on
field of 5.8 Vum™. A comparative study of FE measurements between
SnO, nanorods with uniform diameters and these beaklike nanorods
suggests that the shape and curved tips are important factors in determin-

ing the FE properties.

1. Introduction

One-dimensional (1D) and quasi-one-dimensional
(quasi-1D) nanostructures are attracting a great deal of at-
tention due to their unique properties and novel applica-
tions.?! Oxides are the basis of smart and functional mate-
rials that have tunable properties and important technologi-
cal applications. Functional oxides have two structural char-
acteristics: cations with mixed valence states, and anions
with deficiencies (vacancies). By varying either or both of
these characteristics, the electrical, optical, magnetic, and
chemical properties can be modified, giving the possibility
of fabricating smart devices that utilize the semiconductivity,
superconductivity, ferroelectricity, and/or magnetism offered
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by the oxides.”! SnO, is an n-type semiconducting oxide
with a wide bandgap (E,=3.6 ¢V at 300 K) and well known
for its potential applications in dye-based solar cells,* semi-
conductors,*! photoconductors,! and gas sensors.™ A vari-
ety of 1D and quasi-1D functional nanostructures of SnO,
have been successfully fabricated, including nanobelts,
nanowires, nanotubes, nano-box-beams, and nanodisk-
ettes.” " The promise that nanostructures may dramatically
improve the desired properties for many applications has
stimulated great enthusiasm.

In the present study, the optical applications of SnO,
nanorods with a beaklike growth front are explored. The
photoluminescence (PL) spectrum of such nanorods exhibits
a strong emission peak at 602 nm. The field-emission prop-
erties of the SnO, nanorods were measured for the first
time, showing a turn-on field of 5.8 Vum ™. The effect of
shape of SnO, nanostructures on the field emission proper-
ties has been fully investigated. Theoretical calculation has
been carried out to find out whether there is a correlation
between surface energy change and the morphological evo-
lution.
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2. Results and Discussion

The first set of samples were cooled down to room tem-
perature with a 150 sccm Ar flow and a 12.5 sccm oxygen
flow, and another set of samples were cooled to room tem-
perature with only a 150 sccm Ar flow. The structure of the
as-grown nanorods was determined by XRD. As shown in
Figure 1, all of the diffraction peaks for both sets of samples
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Figure 1. XRD pattern recorded from the as-synthesized products.

can be ascribed to the tetragonal rutile SnO, structure with
lattice constants of a=0.4742 nm and ¢=0.3182 nm, consis-
tent with the standard data file (ICDD-PDF41-1445). As
shown in Figure 2a, a typical low-magnification SEM image
indicates that the as-synthesized products consist of a large
quantity of 1D nanostructures. The stems of the SnO, nano-
rods have diameters of 85-400 nm and lengths up to
~20 um. The beaklike nanostructures are typically 100-
700 nm in length. A representative medium-magnification
SEM image of several curved SnO, nanorods, as shown in
Figure 2b and c, reveals that their geometrical shape is

Figure 2. Typical SEM images of the as-synthesized product: a) low-
magnification image; b) medium-magnification image of several

beaklike nanorods with curved tips; c) high-magnification image of
the beaklike nanorods.
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beaklike towards the growth front, which is distinct from
other previously reported SnO, nanostructures.” ™! On the
other hand, the stems of the curved nanorods appear to be
uniform in size.

The nanostructures were further characterized with
TEM and HRTEM. Figure 3a shows a typical TEM image
of a single SnO, nanorod with a diameter of 85 nm. The cor-

a)

Q ~
K

»

Figure 3. a) TEM image of a single beaklike SnO, nanorod; b) the
corresponding selected-area electron diffraction (SAED) pattern;
¢) HRTEM image from the nanorod shown in (a).

responding selected-area electron diffraction (SAED) pat-
tern (Figure 3b) confirms that the phase of the beaklike
nanorods is of the tetragonal rutile structure. Figure 3¢ is a
HRTEM image from the outlined region marked in Fig-
ure 3a, which indicates that the nanorods are single crystal-
line and free of defects. The measured lattice spacing of
0.33 nm and 0.23 nm are consistent with the d values of the
(110) and (111) planes. The growth direction was obtained
from analysis of the diffraction pattern using the concept of
the reciprocal lattice. From both the diffraction pattern and
the atomic image, the lattice planes of (201) and (111) are
obtained. The corresponding normal directions [4,k,/;] and

[hoob] are [hk,l]=[2023]~[10T] and [hk.b]=[112.3]~
[112]. In other words, the [101] and [112] directions are per-

pendicular to the (201) and (111) planes, respectively. (see
Supporting Information)

The samples cooled to room temperature with only a
150 scem Ar flow show a slightly different morphology. As
seen in Figure 4a, the low-magnification SEM image shows
that the as-synthesized products consist of a large quantity
of SnO, nanorods. High-magnification SEM shows that the
nanorods have no beaklike structure and that the Au cata-
lysts are at the side surface rather than at the very growth
front, as indicated in the inset in Figure 4a. The nanorod
grows along a direction close to [101] without subsequent
growth along [112] (Figure 4b). The growth of beaklike
nanostructures was initiated with oxygen that remained in
the furnace but could not be sustained since the oxygen
flow was turned off during the cooling-down period. The
presence of Au catalysts at the side surface indicates that
the growth is at a stage where the beaklike tip was just be-
ginning to grow.
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Figure 4. a) SEM image and b) TEM image of samples cooled to room
temperature with only a 150 sccm Ar flow after maintaining the reac-
tion temperature for 1 h with a 150 sccm Ar flow and a 12.5 sccm
oxygen flow after the VLS process.

Theoretical calculations have been carried out to ascer-
tain whether there is a correlation between surface energy
change and morphological evolution. The surface energy,
E.., is defined as the excess surface free energy per unit
area of a particular crystal face, E,; (hkl). The variation of
this parameter with surface orientation determines the
three-dimensional equilibrium crystal shape.'¥ The equilib-
rium shape can be directly derived from the surface energies
by the Wulff construction,' in which the distance to the
center of a crystal of each face is proportional to its surface
energy. Among the various planes of the rutile structure of
SnO,, the surface energies of the (201) and (111) planes are
about 1.63 and 2.21 (Jm™?), respectively."*'®! For the forma-
tion of facets B of orientation (h,k,l,), and energy (per unit
area) EB ., on a surface A of orientation (h,k/,), and energy

surf?

E” . depending on the sign of the formation energy:

AG = EA

surf

(hykyly) cos 0 — EB (hykyl,) (1)
where 0 is the angle between the A and B planes. The
factor cosO takes into account the change in surface area if
facets were formed. The contribution of edges and vertices
are neglected. If the above expression is positive (AG >0),
surface A is not thermodynamically stable and the growth
of facet B on A is feasible. On the other hand, if it is nega-
tive (AG <0), facets B cannot be formed. If one considers
the stability of the (201) surface, and the formation of a
(111) facet, which makes an angle of 34.5° with the (201)
plane, the above expression becomes:
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AG = 1.63 x c0s34.5° — 2.21 = —0.87(Jm?) (2)

Thus the (201) surface appears to be stable with respect
to the formation of microscopic (111) facets, which is consis-
tent with what had previously been found for stoichiometric
SnO, nanoribbon growth.'”! Tt is conjectured that as the
sample was cooled down without a sufficient supply of
oxygen, there is a change in composition, bonding state,
and/or surface relaxation, which may influences the surface
energy. In addition, the variation in catalyst/SnO, interface
energy may also play a role in the growth of the beaklike
structure. Further investigations are required to clarify the
growth mechanism.

Room-temperature PL measurements (Figure 5) show
that the beaklike nanorods, in comparison with SnO, nano-
rods of uniform diameter (PL peak: 620 nm), exhibit a

PL intensity (a.u.)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 5. The photoluminescence spectra of beaklike Sn0O, nanorods
(black) and nanorods of uniform diameter (grey).

slightly blue-shifted PL peak, centered at 602 nm. The
strong PL peak might be related to the crystalline defects
induced during the growth. The oxygen vacancies interact
with interfacial tin vacancies, and lead to the formation of a
considerable amount of trapped states within the bandgap,
which results in a strong PL signal. Similar results were also
observed for SnO, nanobelts.’¥) On the other hand, direct
comparison of the two sets of data cannot lead to the con-
clusion that the SnO, nanorods possess more oxygen defi-
ciencies since the volume fraction of the nanorods are dif-
ferent and the defect structure of the beaklike tips and the
main rods may also vary.

Nanorods are ideal objects for electron field emission
(FE). Figure 6 shows the FE current density as a function of
the applied field in a current density—electric field (J-E)
plot and a In(J/E?)-1/E plot of the SnO, nanostructures.
Comparing the J-FE plots, all of the SnO, samples have ex-
cellent turn-on voltage values. The turn-on field (defined as
the electric field required to generate a current density of
0.0l mAcm™?) for the SnO, nanorods with uniform diame-
ters (Figure 4a and b) was found to be about 6.4 Vum™, as
shown in Figure 6a. Measurements on the beaklike SnO,
nanorods (Figure 6b) show a turn-on field of 5.8 Vum™. Al-
though these values of turn-on field are higher than the best
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Figure 6. Field-emission current density versus electric field (/-E) for
a) Sn0, nanorods with a uniform diameter, and b) beaklike SnO,
nanorods (the labels “1st” and “5th” signify that the data recorded
were collected after the first and fifth experiments of a series,
respectively). The insets show the corresponding Fowler—Nordheim
relationship by way of a In(J/E)-1/E plot .

data from carbon nanotubes!" and SiC,* they are much
lower than many other types of emitters such as carbon ni-
tride,?"! Si nanostructures,”” MoO; nanobelts,”® and ZnO
nanowires.?*®! In general, FE current depends on the work
function and geometry of the sample.” Based on the
Folwer-Nordheim (FN) model, FE current from a metal or
semiconductor is attributed to the tunneling of electrons
from the material into vacuum through a potential barrier
under the influence of an electric field.”” In order to under-
stand the FE behavior, the J-E data are also analyzed by
applying the FN equation:

I = (AP’E?|®) exp(-BD*” |BE) (3)

where J is the current density, E is the applied electric field,
and @ is the work function. A and B are constants, corre-
sponding to 1.56x107'° [AeVV?] and 6.83x10° [eV
(um™)], respectively. The FN plot is shown in the insets in
Figure 6. For a comparison, by determining the slope of the
In(J/E*)-1/E plot with a work function value for SnO, of
4.7 eV, the field-enhancement factor, B, can be calculated
to be about 493.6 and 1402.9 for SnO, nanorods of uniform
diameter and with a beaklike strucutre, respectively. As a
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result, the beaklike SnO, nanorods possess a much higher §
value than the SnO, nanorods of uniform diameter. These
comparative results have demonstrated that SnO, nanorods
with a high aspect ratio possess excellent FE performance.

3. Conclusions

In summary, beaklike SnO, nanorods were fabricated by
the VLS method. The beaklike structure was formed as a
result of controlling the growth conditions towards the end
of the synthesis. Based on TEM characterization and theory
of Wulff construction, it was concluded that the nanorods
grow along a direction close to [101] and the beak is formed
by switching the growth direction to approximately [112].
Both PL and FE measurements have shown that the beak-
like nanostructures lead to superb physical properties. The
PL spectrum of such nanorods exhibit a strong emission
peak at 602 nm. From determining the slope of the In(J/E?)-
(I/E) plot, the field enhancement factor f§ is determined to
be about 1400, and the turn-on field is 5.8 Vum™' (in com-
parison, nanorods of uniform size without beaklike structure
show a field enhancement factor f§ is 494 and a turn-on field
of 6.4 Vum™). This clearly shows that beaklike SnO, nano-
rods have a better FE performance than nanorods of uni-
form diameter. In addition, the shape and curved tips of the
nanorods are important for determining the FE properties.

4. Experimental Section

Single crystal, 3-5 Qcm, phosphorous-doped Si(001) wafers
were used in this study. The silicon wafers were cleaned chemi-
cally by a standard RCA (Radio Corporation of America) cleaning
process, which is the industry standard for removing contami-
nants from wafers before loading into an electron-beam evapora-
tion system. The RCA cleaning procedure has three major steps
used sequentially:

1) Organic clean: removal of insoluble organic contaminants
with a H,0:H,0,:NH,OH (5:1:1) solution;

2) Oxide strip: removal of a thin silicon dioxide layer where
metallic contaminants may accumulate as a result of step 1),
using a H,0:HF (50:1) solution;

3) lonic clean: removal of ionic and heavy-metal atomic con-
taminants using a H,0:H,0,:HCl (6:1:1) solution.

The tin oxide nanorods were grown by the vapor-liquid—
solid process. A 2-nm-thick Au film was deposited at ~5x
107° Torr onto a Si substrate at room temperature, which serves
as the catalyst for growing the nanowires. Then, Sn particles
(0.5 g) were placed in an alumina boat. The boat was positioned
in a quartz tube that was inserted into a horizontal alumina tube
furnace, and the Si substrates with the Au catalyst layer were
placed downstream at ~20 mm distance from the Sn particles.
After evacuation with a rotary pump to a pressure of 107> Torr,
the furnace was heated from room temperature to 1080°C at a
heating rate of 5°C min~* under an Ar flow of 150 sccm. The
samples were held at 1080°C under a 150 sccm Ar carrier gas
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and a 12.5 sccm oxygen gas flow for 1 h, and the chamber pres-
sure was kept at 6.4 Torr. Two different types of samples have
been prepared by changing the cooling conditions while the syn-
thesis conditions were kept the same. The first set of samples
was cooled down to room temperature with a 150-sccm Ar flow
and a 12.5-sccm oxygen flow. The other set of samples was
cooled to room temperature with only a 150-sccm Ar flow.

After the growth process, the resulting products were collect-
ed for phase identification by using grazing incidence X-ray dif-
fractometry (GIXRD) with a fixed incident angle of 0.5°. The sub-
strate-bound nanorods were mechanically scraped and sonicat-
ed in ethanol and then deposited on carbon-coated copper grids
for transmission electron microscope (TEM) characterization.
Morphological studies of the SnO, nanostructures were per-
formed with a JEOL 2010 TEM operating at 200 kV and a JEOL
JSM-6500 field-emission scanning electron microscope (SEM).
High-resolution TEM (HRTEM) images were obtained by using a
JEOL JEM-3000F field-emission TEM, with a point-to-point resolu-
tion of 0.17 nm, operating at 300 kV. The PL properties of the
synthesized nanorods were studied at room temperature using a
He-Cd laser in the spectral range of 350-800 nm with a wave-
length of 325 nm as the excitation source. The FE measurements
of the SnO, nanorods were carried out under vacuum (1x
1077 Torr) using a spherical stainless steel probe (1 mm in diam-
eter) as an anode. The emission current is recorded on the level
of nanoamperes. The distance between the anode and the sur-
face of the emitting sample (cathode) is fixed at 100 um. A more
accurate description of the relationship between the turn-on
field and the distance between the anode and the samples was
described in a previous work.”?”!
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